Background: Linoleic acid is the most abundant polyunsaturated fatty acid in human nutrition and found in most vegetable oils and certain food products. In the present study, we investigated the effects of linoleic acid on the growth of human epithelial adenocarcinoma AGS cells. Methods: MTT assay, flow cytometry, RT-PCR and Western-blot analyses were used to investigate the effects and underlying mechanisms of linoleic acid on AGS cells. The effects of this compound were also tested on prostaglandin E2 (PGE2) production and telomerase activity. Results: Our data indicated that growth inhibition of AGS cells by linoleic acid treatment was associated with induction of apoptosis. Linoleic acid treatment decreased the expression levels of the cyclooxygenase (COX)-2 mRNA and protein without causing significant changes in the COX-1 levels, which was correlated with the inhibition of PGE2 synthesis. Linoleic acid treatment also decreased the expression of human telomerase reverse transcriptase (hTERT), a main determinant of the telomerase enzymatic activity, and activity of telomerase, with inhibiting the expression of c-myc in a concentration-dependent manner. Conclusions: Taken together, our results indicate that linoleic acid inhibits the production of PGE2 and activity of telomerase by suppressing COX-2 and hTERT expression. (J Cancer Prev 2014;19:31-38) 
INTRODUCTION
Fatty acids are carboxylic acids with long aliphatic tails, which are either saturated or unsaturated. As precursors of lipid-signaling molecules, polyunsaturated fatty acids play key roles in several biological processes for cell signaling and involved in the regulation of gene expression as ligands for transcription factors.
1,2 Among them, linoleic acid, an unsaturated omega-6 fatty acid, is the most abundant polyunsaturated fatty acid in human nutrition and obtained from plant based dietary sources. 3, 4 Many studies claim that a high linoleic acid intake may promote inflammation in humans. 5, 6 This compound also has been reported to promote cancer cell growth, invasion and metastasis, and enhances angiogenesis. [7] [8] [9] However, some studies found that linoleic acid not only inhibits cancer cell proliferation and but also selectively kills cancer cells through apoptosis induction without damaging normal cells. [10] [11] [12] [13] For example, Maggiora et al. 14 observed that linoleic acid inhibits the growth of liver and prostate cancer cells, but has no effect on growth of bladder and breast cancer cells. In addition, Lu et al. 15 indicated that linoleic acid induced cancer cell apoptosis by enhancing cellular oxidant status and inducing mitochondrial dysfunction. Zhang et al. 16 recently reported that linoleic acid promotes cell apoptosis in hepatoma cells through induction of calcium-dependent endoplasmic reticulum stress. We also previously investigated the effects of linoleic acid in gastric adenocarcinoma cells and found that linoleic acid induced apoptotic cell death through activation of Fas/Fas ligand pathway. supplemented with 10% fetal bovine serum (FBS), 2 μm L-glutamine and penicillin/streptomycin (Gibco-BRL).
Linoleic acid was purchased from Sigma-Aldrich Chemical
Co. (St Louis, MO, USA) and prepared as previously described. 17 
Cell viability study
For cell viability analysis, cells were cultured in the presence or absence of linoleic acid. After 96 h of culture, the cells were trypsinized and washed with phosphatebuffered saline (PBS), and the viable cells were scored using a Neubauer hemocytometer with trypan blue exclusion. Each experiment was repeated at least three times. 
Protein extraction and Western blot analysis
room temperature for 1 h, the blots were then probed with the specific primary antibodies and incubated overnight at 
Measurement of PGE2 production
To measure the quantity of PGE2 generated by AGS cells, medium from the cultures under the same conditions was collected and the quantity of PGE2 production was measured using a PGE2 enzyme-linked immunosorbent assay (ELISA) kit (Cayman Chemical Co., Ann Arbor, MI, USA). The concentration (pg/ml) of PGE2 in the cell culture medium was calculated based on the concentrations of the standard solution according to the recommended procedure.
Telomerase activity assay
Telomerase activity was measured using a PCR-based 
Statistical analysis
The data were expressed as means±SD for triplicate experiments. Statistical analyses were performed using Student't test. P＜0.05 was considered as statistically significantly.
RESULTS

Linoleic acid inhibits cell viability and induces apoptosis in AGS cells
To The cells were stained with annexin-V and the percentages of apoptotic cells were then analyzed using flow cytometric analysis. Each point represents the mean±SD of three independent experiments. Significance was determined using Student's t-test (*P＜0.05 vs. untreated control).
Fig. 2. Effects of linoleic acid on levels of COXs expression in AGS cells. (A) After treatment with linoleic acid for 96 h, total
RNA was isolated, and RT-PCR was performed using the indicated primers. The amplified PCR products were run in a 1% agarose gel and visualized by EtBr staining. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a housekeeping control gene. (B) Cells grown under the same conditions as (A) were collected, lysed and cellular proteins were separated on SDS-polyacrylamide gels and transferred onto nitrocellulose membranes. The membranes were probed with the indicated antibodies. Proteins were visualized using the ECL detection system. Actin was used as a loading control.
apoptosis.
Linoleic acid inhibits the expression of COX-2 and production of PGE2 in AGS cells
Next, RT-PRC and Western blot analyses were assessed in order to elucidate whether or not linoleic acid-induced growth inhibition was associated with the inhibition of PGE2 synthesis. Our results indicated that the levels of COX-2 mRNA and proteins were down-regulated in linoleic acid-treated AGS cells in a concentration-dependent manner (Fig. 2) . However, those of COX-1 were remained unchanged. Therefore, supernatant from cell culture media was collected and PGE2 levels were determined with the ELISA kit. According to the ELISA data, treatment with linoleic acid resulted in a significant declines of PGE2 production (53% and 31% by treatment with 150 μM and 200 μM of linoleic acid, respectively) compared to the untreated control (Fig. 3) . Taken together, these data indicate that linoleic acid inhibits the PGE2 production via suppression of CXO-2 expression at the transcription level. 
Linoleic acid suppresses the expression of hTERT and telomerase activity in AGS cells
We next tried to reveal whether the linoleic acid-mediated cytotoxic effect on AGS cells is also associated with the inhibition of telomerase activity. As indicated in Fig. 4A , we found that linoleic acid treatment decreased hTERT and c-myc mRNA levels, and had no effect on telomerase associated protein-1 (TEP-1), human telomerase RNA (hTR) and Sp-1 mRNA expression (Fig. 4A) . Moreover, Western blot analyses also confirmed the down-regulation of hTERT and c-myc proteins in AGS cells treated with linoleic acid in a concentration-dependent manner (Fig.   4B ). Furthermore, linoleic acid treatment resulted in a concentration-dependent reduction of telomerase activity in AGS cells (Fig. 5) , indicating that linoleic acid-induced inhibition of telomerase activity may be due to down-regulation of hTERT and c-myc.
DISCUSSION
Prostaglandins are lipid mediators that are involved in many normal physiological processes and are implicated in many pathological processes such as inflammation and cancer. 18 COX, referred to as prostaglandin-endoperoxide synthase, is an enzyme that is responsible for formation of important biological mediators called prostanoids, including prostaglandins, prostacyclin and thromboxane, from arachidonic acid. At present, three COX isoenzymes are known: COX-1, COX-2, and COX-3. 19 COX-1 is considered to be the constitutively expressed form in most mammalian cells and thought to serve house-keeping functions. COX-3 is a splice variant of COX-1, which retains intron one and has a frameshift mutation. 20 On the other hand, COX-2 is undetectable in most normal tissues and rapidly induced by different products, such as tumor promoters, growth factors or inflammatory cytokines. In Among them, hTERT is considered a viable cancer therapy target because hTERT is highly expressed in cancer cells, but not in normal cells. 27, 28 In this study, we observed that application of linoleic acid to AGS cells decreases telomerase activity via down-regulation of hTERT in transcription and translation (Fig. 4, 5 ).
According to previous studies, expression of hTERT is strictly regulated at the transcriptional level by several transcription factors, particularly, Sp-1 and c-myc. 29, 30 c-myc directly binds with the E-box at the promoter of hTERT and induces hTERT transcription. 31 In addition to c-myc binding sites, the core promoter, which is necessary for hTERT expression, also contains several putative Sp-1/Sp-3 binding sites; Sp-1 works in conjunction with c-myc to activate transcription of hTERT. 32, 33 However, in some cancer cells, telomerase activity can apparently be regulated independently on Sp-1 and/or c-myc. 34, 35 In the present study, the levels of c-myc mRNA and protein expressions, but not Sp-1, in AGS cells were concentration-dependently inhibited by linoleic acid treatment (Fig. 5) , demonstrating inactivation of telomerase activity by linoleic acid was associated with down-regulation of c-myc.
In conclusion, we demonstrated here that linoleic acid potently suppresses the proliferation of AGS human gastric cancer cells by inducting apoptosis. The growth inhibitory effects of linoleic acid were associated with a specific inhibition of COX-2 expression and concomitant with a loss of PGE2 synthesis. Our results also indicated that linoleic acid potently suppresses the telomerase activity by decreasing the hTERT and c-myc expression. Therefore, the present work suggests that loss of COX-2 expression and telomerase activity may be good surrogate biomarkers for assessing anti-cancer activity of linoleic acid.
